The Toll-like receptor 4 (TLR4)/myeloid differentiation factor-2 (MD-2) complex is essential for LPS recognition and induces innate immune responses against Gram-negative bacteria. As activation of TLR4/MD-2 is also critical for the induction of adaptive immune responses, TLR4/MD-2 agonists have been developed as vaccine adjuvants, but their efficacy has not yet been ascertained. Here, we demonstrate that a funiculosin (FNC) variant, FNC-RED, and FNC-RED and FNC derivatives are agonists for both murine and human TLR4/MD-2. FNC-RED induced nuclear factor-B (NF-B) activation via murine TLR4/MD-2, whereas FNC had no TLR4/MD-2 stimulatory activity. Biacore analysis revealed that FNC-RED binds to murine TLR4/MD-2 but not murine radioprotective 105 (RP105)/myeloid differentiation factor-1 (MD-1), another LPS sensor.
pathogen products, and they are characterized by extracellular leucine-rich repeat motifs and intracellular Toll/IL-1 receptor (TIR) domains (1) . TLR4 was the first TLR to be identified, and its extracellular domain forms a heterodimeric complex with myeloid differentiation factor-2 (MD-2) (2) . Neither Tlr4 Ϫ/Ϫ nor Ly96 Ϫ/Ϫ (MD-2 Ϫ/Ϫ ) mice respond to LPS (3, 4) , so both members of the TLR4/MD-2 complex are essential for LPS responses. Crystal structure analysis revealed that MD-2 has a large hydrophobic cavity that could accommodate lipid A, a bioactive moiety of LPS (5) . LPS binding to MD-2 induces homodimerization of a 1:1 TLR4/MD-2 complex, in a tail-totail orientation with two TLR4 molecules (6) . Formation of the LPS-TLR4/MD-2 complexes then causes the recruitment of intracellular adaptor proteins, TIR domain-containing adaptor protein, and myeloid differentiation primary response gene 88 (MyD88) (7) . MyD88 leads to early activation of MAPKs and the transcriptional factor nuclear factor-B (NF-B) to induce inflammatory cytokine genes such as IL-6 and TNF-␣ (1) . TLR4 signals via another adaptor protein TIR domain-containing adaptor-inducing IFN-␤ (TRIF) to NF-B and interferon regulatory factor (IRF)1 and IRF3 transcriptional factors (8) .
Upon ligand recognition, TLRs not only initiate the production of pro-inflammatory cytokines, but they also activate antigen-presenting cells (APC) to modulate adaptive immune responses against pathogens (8) . Therefore, TLR agonists have been the focus of attempts to develop new-generation vaccines. Many preclinical and clinical studies have used purified TLR agonists to enhance adaptive immune responses during vaccination (9) . Among these agonists, monophosphoryl lipid A (MPL), an artificially detoxified derivative of lipid A, is one of the most used adjuvants in human licensed vaccines (10) . Previous studies revealed that MPL is much weaker than lipid A in inducing TLR4/MD-2 dimerization and MyD88-dependent immune responses (11, 12) . Nonetheless, MPL can induce stronger T-helper cell type 1 responses than classical adjuvants such as aluminum salt precipitates (13) . This ability is due to a signaling bias toward the TRIF pathway, resulting in the safe stimulation of adaptive immune responses without excessive production of inflammatory cytokines (14) . Based on these characteristics, lipid A analogs represent attractive candidates for adjuvants, and other lipid A mimetics are under development (15) (16) (17) (18) (19) .
TLRs also recognize endogenous ligands called danger-associated molecular patterns (DAMPs). Intriguingly, DAMPs can enhance adjuvanticity when co-immunized with inactivated vaccines or synergize with exogenous TLR ligands to induce efficient cellular immune responses (20, 21) . Additionally, a chemical compound with no structural similarity to lipid A engages the TLR4/MD-2 complex and triggers pro-inflamma-tory responses (22) . These facts suggest that non-lipid A ligands of natural origin may activate TLR4/MD-2.
We have now screened synthetic and natural products to discover new non-endotoxin-derived TLR4/MD-2 agonists. Stimulatory activity was detected as NF-B activation in Ba/F3 cells expressing murine TLR4/MD-2 and murine CD14 by flow cytometry. Here, we identify a funiculosin (FNC) variant, FNC-RED, as a novel ligand for murine TLR4/MD-2 through this screen. Furthermore, we synthesized derivatives with a phosphate group that activated human TLR4/MD-2. Responses induced by FNC-RED and derivatives were then investigated in vitro on murine and human immune cells to explore structurefunction relationships.
Results

Reduced compound of funiculosin induces NF-B activation via murine TLR4/MD-2
To identify non-endotoxin-derived TLR4/MD-2 agonists, we prepared Ba/F3 transfectant cells expressing murine TLR4/ MD-2, murine CD14, and an NF-B-GFP reporter construct. Using this, we could screen thousands of compounds in a relatively short time and easily detect TLR4/MD-2-induced NF-B activation by flow cytometry (23) . Among 1,320 compounds and natural products from a commercially available compound library and pharmaceutical companies (see "Experimental procedures") screened for their abilities to activate NF-B, we identified only one sample, termed T⌱⌲-139, that was as active as lipid A and taxol (supplemental Fig. 1A ). TIK-139 was obtained from reduced products of FNC extracted from the soil bacterium Penicillium funiculosum (24, 25) . HPLC analysis revealed that at least five compounds were contained in TIK-139 (supplemental Fig. 1B ). We fractionated these compounds and tested their abilities in Ba/F3 transfectant cells. Among five fractions, fraction 4 induced the strongest ability to activate NF-B (supplemental Fig. 1C ). The MTS510 mAb specifically recognizes the murine TLR4/MD-2 complex (26) . NF-B activation induced by fraction 4 was completely blocked by this mAb (supplemental Fig. 1D ), although it only partially inhibited lipid A-or taxol-induced NF-B activation (supplemental Fig. 1D ).
We then investigated the structure of the active compound contained in fraction 4. The fraction was separated by HPLC, and an acetylated sample was analyzed by high-resolution MS (ESI-QTOF MS) and NMR (supplemental Fig. 2 , A-C). With this indirect strategy, the chemical structure was determined ( Fig. 1A ). Because the active molecule was a reduced compound of FNC, we termed it FNC-RED. It was composed of a hydrophilic region, an acidic hydroxy group, and an alkyl chain, which are structurally and chemically analogous to lipid A (supplemental Fig. 3 ).
We then synthesized FNC-RED from FNC (see "Experimental procedures"). The NF-B activation potential of the synthesized FNC-RED was similar to that of fraction 4 in Ba/F3 transfectant cells (Fig. 1B) , whereas FNC had no such ability (Fig.  1C ). Upon FNC-RED stimulation, the levels of NF-B-GFP were increased in a dose-dependent manner (Fig. 1B ). We confirmed that FNC-RED induced NF-B activation via TLR4/ MD-2 using the MTS510 mAb ( Fig. 1B) . Polymyxin B has been used to detect and clear LPS contamination (27) . Polymyxin B treatment clearly suppressed lipid A-induced NF-B activation (Fig. 1D ). In contrast, FNC-RED-induced NF-B activation was not affected by polymyxin B treatment, suggesting that neither lipid A nor LPS contaminated the FNC-RED preparation.
To examine whether FNC-RED binds to murine TLR4/ MD-2, we performed surface plasmon resonance (SPR) using a Biacore instrument. The murine TLR4 protein forms a complex with murine MD-2 in solution (28) . Furthermore, in the presence of LPS, this 1:1 TLR4/MD-2 complex forms a dimeric structure of the LPS-binding 2:2 TLR4/MD-2 complex in solution and crystal (28) . The binding of FNC-RED or FNC to murine TLR4/MD-2 was detected ( Fig. 1E ). Although the binding rates and affinities were unable to be determined, we observed differences in SPR sensorgrams between FNC-RED and FNC. The dissociation rate for the binding of FNC-RED to murine TLR4/MD-2 was 0.038 s Ϫ1 , similar to that of LPS to murine TLR4 or MD-2 alone, as reported previously (29) . In contrast, the dissociation rate for the binding of FNC to murine TLR4/MD-2 was 0.961 s Ϫ1 , 25-fold higher than that of FNC-RED ( Fig. 1E ). This suggests that FNC binds to TLR4/MD-2, but its binding might be unstable. A TLR4 homologue, radioprotective 105 (RP105), forms a complex with myeloid differentiation factor-1 (MD-1) (30, 31) . RP105-or MD-1-deficient B cells were hyporesponsive to LPS (32, 33) , suggesting that the RP105/MD-1 complex cooperates with the TLR4/MD-2 complex in LPS responses. The resonance unit (RU) values for the bindings of FNC-RED and FNC to murine RP105/MD-1 were much lower than those for murine TLR4/MD-2 (supplemental Fig. 4 ). These results clearly demonstrate that FNC-RED is a novel agonist of murine TLR4/MD-2.
To explore a structure-based mechanism for the binding and stimulatory effect of FNC-RED, the radius of gyrations (R g ) of FNC and FNC-RED was calculated by taking into account their conformational change (1,000 conformations) in solution phase. FNC had R g values of 4.8 Å at the highest frequency (supplemental Fig. 5A ). As shown in a representative structure of FNC with this R g value, the pyran ring contributed to make an intramolecular hydrogen bond with the acidic hydroxy group (supplemental Fig. 5B ). In contrast, FNC-RED had R g values of more than 5.2 Å (supplemental Fig. 5 , A and C). R g values of less than 4.4 Å were also observed in FNC-RED (supplemental Fig.  5 , A and D). These findings indicate that lack of the pyran ring leads to the acquisition of mobility. Therefore, the alkyl chain of FNC-RED may have enhanced its accessibility to the hydrophobic cavity of MD-2, as is well known in lipid A whose acyl chains are deeply inserted into the cavity (5, 6) .
FNC-RED induces expression of pro-inflammatory cytokines via MyD88 and TRIF pathways in murine macrophages
TLR4 activation induces expression of pro-inflammatory cytokines and type 1 IFN (1). Therefore, we examined whether FNC-RED had this activity and required MD-2 for responses in bone marrow-derived macrophages (BMDMs). A high concentration of FNC (100 g/ml) decreased cell viability of BMDMs, whereas FNC-RED had no such adverse effect (supplemental Fig. 6 ). Expression levels of TNF-␣ mRNA were increased by lipid A, MPL, or FNC-RED stimulation within 4 h in BMDMs from WT mice ( Fig. 2A, left) , and these responses did not occur with BMDMs from TLR4-or MD-2-deficient mice (Fig. 2B , left). We obtained similar results with IL-12p40 mRNA expression ( Fig. 2B, right) . Lipid A or MPL stimulation increased expression levels of IFN-␤ mRNA within 2 h ( Fig. 2A, right) . However, we found no significant increase in IFN-␤ mRNA in FNC-RED-stimulated WT BMDMs ( Fig. 2A, right) .
We also evaluated the requirements for MyD88 and TRIF in FNC-RED-induced responses. Lipid A-or MPL-induced TNF-␣ and IL-12p40 mRNA expressions were impaired in MyD88-or TRIF-deficient (Ticam1 Ϫ/Ϫ ) BMDMs compared with those from WT mice ( Fig. 2C ). Additionally, TRIF-deficient BMDMs showed better TNF-␣ expression than those lacking MyD88. Thus, FNC-RED activates the TLR4/MD-2 complex on murine macrophages and its treatment increases expression levels of pro-inflammatory cytokines via MyD88and TRIF-dependent pathways. However, FNC-RED has no significant stimulatory effect on IFN-␤ expression.
FNC-RED induces adaptive immune responses in murine dendritic cells
Adaptive immune responses, including CD86 up-regulation and IL-12p40 expression, are key reactions on APCs, such as dendritic cells (34, 35) . Therefore, we investigated the activity of FNC-RED on adaptive immune responses. Up-regulation of CD86, a co-stimulatory molecule for T cells, and MHC class II, is induced by TLR4/MD-2 stimulation on the cell surface via the TRIF pathway (11, 36) . Lipid A or MPL stimulation induced CD86 and MHC class II up-regulation on murine bone marrow-derived conventional dendritic cells (BM-cDCs) from WT mice ( Fig. 3A and supplemental Fig. 7 ). FNC-RED stimulation A, chemical structure of FNC-RED determined by NMR spectroscopy. B, Ba/F3 cells expressing murine TLR4/MD-2 and murine CD14 were treated with anti-mouse TLR4/MD-2 mAb (clone MTS510) (20 g/ml) or isotype control antibody (Ct. Ab) (20 g/ml) for 1 h and subsequently stimulated with the indicated concentration of FNC-RED for 18 h. The cells were harvested, and GFP expression was monitored by flow cytometry. Dashed lines and open histograms depict those cultured with medium alone and FNC-RED, respectively. Filled histograms depict those cultured with FNC-RED in the presence of anti-mouse TLR4/MD-2 mAb or isotype control antibody. Black and gray values depict mean fluorescence intensity (MFI) of GFP expression in cultured cells stimulated with FNC-RED and FNC-RED with indicated Abs, respectively. C, chemical structure of FNC (left). Ba/F3 cells expressing murine TLR4/MD-2 and murine CD14 were stimulated with FNC (50 g/ml) for 18 h. The cells were harvested, and GFP expression was monitored by flow cytometry. Open and filled histograms depict those cultured with medium alone and FNC, respectively (right). Black and gray values depict the MFI of GFP expression in cultured cells stimulated with medium alone and FNC, respectively. D, Ba/F3 cells expressing murine TLR4/MD-2 and murine CD14 were treated with polymyxin B (1 g/ml) for 1 h and subsequently stimulated with the indicated concentration of lipid A or FNC-RED for 18 h. The cells were harvested, and GFP expression was monitored by flow cytometry. Filled and open histograms depict those cultured with lipid A or FNC-RED in the presence and absence of polymyxin B, respectively. Dashed lines depict those cultured with medium alone. Black and gray values depict MFI of GFP expression in cultured cells stimulated with lipid A or FNC-RED and medium, lipid A, or FNC-RED with polymyxin B, respectively. E, Biacore sensorgrams of FNC-RED or FNC (0, 3.125, 6.25, 12.5, 25, 50, and 100 g/ml, from bottom to top) binding to and dissociation from murine TLR4/MD-2 immobilized on the sensor chip are depicted in RU after subtracting the control signal. All data are representative of at least three independent experiments.
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also induced up-regulation of CD86 and MHC class II, but high concentrations were required compared with lipid A and MPL. These responses were slightly attenuated in MyD88-deficient BM-cDCs ( Fig. 3A and supplemental Fig. 7 ). In contrast, TRIFdeficient BM-cDCs were greatly impaired in these responses induced by not only lipid A or MPL but also FNC-RED stimulation ( Fig. 3A and supplemental Fig. 7 ). Additionally, FNC-RED as well as MPL increased expression levels of IL-12p40 and TNF-␣ mRNA in WT BM-cDCs ( Fig. 3B , left and middle). However, expression levels of IFN-␤ in FNC-RED-stimulated BM-cDCs were modest compared with those stimulated with lipid A or MPL (Fig. 3B, right) . Thus, FNC-RED can elicit adaptive immune responses in dendritic cells.
FNC-RED activates NF-B but not MAPK pathway
NF-B and MAPKs are key molecules for TLR4-induced pro-inflammatory cytokine expression (1). We then investigated whether FNC-RED stimulation activates these pathways.
An IB kinase inhibitor BAY11-7082 and a MAPK inhibitor PD98059 significantly inhibited lipid A-induced IL-12p40 production in BM-cDCs from WT mice ( Fig. 4A, left) . In contrast, FNC-RED-induced IL-12p40 production was suppressed by BAY11-7082 but not PD98059 (Fig. 4A, right) , suggesting that MAPKs may not be involved in FNC-REDstimulated signaling pathways. We confirmed that FNC-RED activates NF-B pathway by detecting IB␣ degradation in WT BMDMs (Fig. 4 , B and C). In contrast, FNC-RED stimulation did not induce Erk1/2 phosphorylation ( Fig. 4 , B and C). Thus, lipid A and FNC-RED stimulations may utilize different signaling pathways to induce pro-inflammatory cytokine production.
FNC-RED-induced NF-B activation does not require LBP or soluble/membranous CD14
LBP is a soluble protein mainly produced by the liver and augments LPS responses (37, 38) . CD14 exists on cell mem-
Figure 2. FNC-RED induces inflammatory gene expression via TLR4/MD-2 and its adaptor molecules in mouse macrophages.
A, BMDMs from WT mice were stimulated with lipid A (1 g/ml), MPL (1 g/ml), or FNC-RED (50 g/ml) for the indicated time periods. Total RNA was extracted, and expression levels of TNF-␣ and IFN-␤ were measured by qRT-PCR. Data are shown as means Ϯ S.D. N.S., not significant. *, p Ͻ 0.05; §, p Ͻ 0.001 versus 0 h. B, BMDMs from WT, Tlr4 Ϫ/Ϫ , or Ly96 Ϫ/Ϫ mice were stimulated with lipid A (1 g/ml), MPL (1 g/ml), or FNC-RED (50 g/ml) for 2 h. Total RNA was extracted, and expression levels of TNF-␣ and IL-12p40 were measured by qRT-PCR. Data are shown as means Ϯ S.D. §, p Ͻ 0.001 versus WT. C, BMDMs from WT, Myd88 Ϫ/Ϫ , or Ticam1 Ϫ/Ϫ mice were stimulated with lipid A (1 g/ml), MPL (1 g/ml), or FNC-RED (50 g/ml) for 4 h. Total RNA was extracted, and expression levels of TNF-␣ and IL-12p40 were measured by qRT-PCR. Data are shown as means Ϯ S.D. §, p Ͻ 0.001 versus WT. Similar results were obtained in three independent experiments.
Funiculosin variants activate the TLR4/MD-2 complex
branes and in serum in membranous and soluble forms, respectively (39) . CD14 has a key role in sensitizing cells to LPS by delivering it to the TLR4/MD-2 complex (40) . To determine the role of LBP and CD14 for FNC-RED responses, we first examined whether FBS was required for FNC-RED-induced NF-B activation, because FBS contains bovine LBP and the soluble form of bovine CD14. In contrast to lipid A stimulation, low concentrations of FNC-RED (0.1 or 0.5 g/ml) induced NF-B activation in the absence but not in the presence of FBS (supplemental Fig. 8A ). This NF-B activation was significantly blocked by MTS510 mAb (supplemental Fig. 8B ). Additionally, high concentrations of BSA blocked FNC-RED-induced NF-B activation in the absence of FBS (supplemental Fig. 9 ). These results indicate that albumin or some factors in FBS block FNC-RED-induced NF-B activation.
We then treated Ba/F3 transfectant cells with a recombinant mouse LBP (rmLBP) or recombinant mouse CD14 (rmCD14) in the absence of FBS. The rmLBP and rmCD14 augmented NF-B activation induced by lipid A in a dose-dependent manner ( Fig. 5A ). In contrast, these recombinant proteins had no effect on FNC-RED-induced NF-B activation. We also examined whether an anti-mouse CD14 mAb (clone 4C1) blocked FNC-RED-induced NF-B activation in the presence of FBS on Ba/F3 transfectant cells. The CD14 mAb blocked NF-B activation induced by a low dose of lipid A (0.3 ng/ml) ( Fig. 5B ). However, this was not seen in the FNC-RED-stimulated cells ( Fig. 5B ), suggesting that membranous CD14 may be dispensable for FNC-RED-induced NF-B activation. These results suggest that LBP and soluble/membranous CD14 may not be involved in FNC-RED-induced responses.
Figure 3. FNC-RED induces adaptive immune responses in mouse dendritic cells.
A, BM-cDCs from WT, Myd88 Ϫ/Ϫ , or Ticam1 Ϫ/Ϫ mice were stimulated with the indicated concentrations of lipid A, MPL, or FNC-RED for 20 h. The cells were harvested, and CD86 expression was analyzed by flow cytometry. Open and filled histograms depict those stained with isotype-matched antibody or anti-CD86 antibody, respectively. Percentages of CD86-positive cells were depicted in each histogram. B, BM-cDCs from WT mice were stimulated with lipid A (1 g/ml), MPL (1 g/ml), or FNC-RED (50 g/ml) for 2 h. Total RNA was extracted, and expression levels of IL-12p40, TNF-␣, and IFN-␤ were measured by qRT-PCR. Data are shown as means Ϯ S.D. #, p Ͻ 0.01; §, p Ͻ 0.001 versus medium (Med.). Similar results were obtained in three independent experiments.
Funiculosin variants activate the TLR4/MD-2 complex FNC-RED stimulation is impaired in the dimerization and internalization of TLR4/MD-2
Membranous CD14 has a key role in the formation of tight dimerization of TLR4/MD-2 to initiate MyD88-dependent pro-inflammatory cytokine expression and the internalization of TLR4/MD-2 toward endosome, where TRIF signaling induces type 1 IFN production (11, 41) . To confirm that membranous CD14 is dispensable for FNC-RED-induced responses (Fig. 5B) , we studied the formation of TLR4/MD-2 dimerization using Ba/F3 cells expressing murine TLR4-GFP, murine TLR4-FLAG, murine MD-2-FLAG, and murine CD14 (42) . After lipid A stimulation, TLR4-FLAG was co-precipitated with TLR4-GFP, suggesting that lipid A-induced TLR4/MD-2 dimerization (Fig. 6A) . In contrast, FNC-RED did not have this effect.
Then we focused on the internalization of TLR4/MD-2. After lipid A stimulation, TLR4/MD-2 rapidly internalized (Fig.  6B ), and this response persisted for 18 h in Ba/F3 cells expressing murine TLR4/MD-2 and murine CD14 (data not shown). However, FNC-RED had a defect in inducing TLR4/MD-2 internalization even at 18 h of stimulation ( Fig. 6B and data not shown). Similar results were obtained when BM-cDCs were stimulated with lipid A or FNC-RED ( Fig. 6C ). To confirm the importance of membranous CD14 in TLR4/MD-2 internalization, we stimulated CD14-deficient BM-cDCs with lipid A or FNC-RED. To eliminate the effect of soluble bovine CD14, we set up the cultures without FBS. CD14-dependent TLR4/MD-2 internalization was observed when stimulated with lipid A at a longer interval (18 h) ( Fig. 6D ). In contrast, CD14 dependence was not seen in FNC-RED-stimulated BM-cDCs. This was con- 
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sistent with the result that the anti-CD14 mAb did not inhibit FNC-RED-induced NF-B activation (Fig. 5B ). These results demonstrate that FNC-RED does not induce membranous CD14-dependent TLR4/MD-2 activation, including its tight dimerization and internalization.
Derivatives of FNC-RED and FNC activate human TLR4/MD-2
Our experiments then focused on potential activity for FNC-RED on human TLR4/MD-2. To explore this, we stimulated Ba/F3 cells expressing human TLR4/MD-2 and human CD14 with either lipid A or FNC-RED. Although lipid A stimulation induced NF-B activation in Ba/F3 transfectant cells, such a response was not observed with FNC-RED even at a high concentration (50 g/ml) (supplemental Fig. 10 ).
To increase affinity of FNC-RED with human TLR4/MD-2, we synthesized two derivatives, which have a phosphate group in FNC-RED and FNC, designated FNC-RED-P01 and FNC-P01, respectively (Fig. 7A) . FNC-RED-P01 and FNC-P01 showed weak NF-B activation in Ba/F3 cells expressing murine TLR4/MD-2 and murine CD14 (Fig. 7B) . Likewise, FNC-RED-P01 and FNC-P01 induced low levels of TNF-␣ expression in BMDMs compared with FNC-RED (supplemental Fig. 11A, left) . However, these derivatives did not induce IFN-␤ expression in BMDMs (supplemental Fig. 11A, right) . Intriguingly, both derivatives acquired potency for NF-B activation in Ba/F3 transfectant cells expressing human TLR4/ MD-2 and human CD14 (Fig. 7B ). To examine whether these activities were dependent on human TLR4/MD-2, we stimulated naive Ba/F3 cells expressing NF-B-GFP reporter construct alone, with them, and with other stimuli. Because naïve Ba/F3 cells express murine TLR2 (data not shown), a TLR2 ligand Pam 2 CSK 4 induced NF-B activation (supplemental Fig.  11B ). In contrast, lipid A, FNC-RED, and the derivatives did not induce this response, suggesting that the derivatives activate NF-B via human TLR4/MD-2. Because FNC-RED-P01 had a much more potent activity than FNC-P01 ( Fig. 7B) , the former was utilized in the following experiments. Because polymyxin B treatment suppressed lipid A-induced but not FNC-RED-P01induced NF-B activation in Ba/F3 transfectant cells, lipid A or LPS was unlikely to contaminate the FNC-RED-P01 preparation (supplemental Fig. 11C ). In contrast to FNC-RED, FNC-RED-P01-induced NF-B activation was not affected by the addition of FBS (supplemental Fig. 11D ).
Next, we examined whether FNC-RED-P01 activated human macrophages. Expression levels of TNF-␣ and monocyte chemoattractant protein-1 (MCP-1) mRNA were increased by lipid A stimulation in human THP-1 macrophages (Fig. 7C, left  and middle) . FNC-RED-P01 stimulation increased expression levels of these genes in THP-1 cells in a dose-dependent manner. These responses did not occur in FNC-RED-stimulated THP-1 cells. As FNC-RED did not induce IFN-␤ expression in BMDMs ( Fig. 2A) , FNC-RED-P01 had no stimulatory effect on IFN-␤ expression in THP-1 cells (Fig. 7C, right) . Taken together, FNC-RED-P01 induces innate immune responses via human TLR4/MD-2.
Docking of FNC-RED and FNC-RED-P01 to murine or human TLR4/MD-2
To elucidate a structure-based mechanism for the speciesspecific activation of TLR4/MD-2 by FNC-RED and FNC-RED-P01, we performed a computational analysis. Because up to four FNC-RED molecules can be accommodated in the hydrophobic cavity of MD-2 (supplemental Fig. 12 ), we utilized lipid IVa, which has four acyl chains, as a reference for our docking study of FNC-RED and FNC-RED-P01. The data suggest that the differences in electrostatic surface potentials between murine and human TLR4/MD-2 may be important for the species-specific discrimination of FNC-RED and FNC-RED-P01 (supplemental Fig. 13, A-D) . Additionally, the binding affinities of FNC-RED and FNC-RED-P01 for murine or human TLR4/MD-2 were calculated as the gain of free energy (⌬⌬G, FNC-RED-human TLR4/MD-2 as reference (⌬⌬G ϭ 0 kcal/mol)) (supplemental Fig. 13E ). The differences between FNC-RED and FNC-RED-P01 in the binding affinity for human or murine TLR4/MD-2 were consistent with our findings in their stimulatory effects and the docking models.
Discussion
Recent advances in our understanding of innate immunity now permit a rational approach for designing and selecting compounds with stimulatory properties. In this study, we identified a reduced compound of FNC, termed FNC-RED, as a specific agonist for the murine TLR4/MD-2 complex. In contrast to lipid A-induced TLR4/MD-2 activation (Fig. 8A) , FNC-RED induces CD14-independent TNF-␣ production and CD86 up-regulation but failed to activate CD14-dependent tight dimerization and internalization of TLR4/MD-2 (Fig. 8B) . These features reduce excessive innate immune responses, including IFN-␤ expression, but augment CD86 and MHC class II expression. Although FNC-RED-P01, a derivative of FNC-RED, induced weak NF-B activation in Ba/F3 expressing murine TLR4/MD-2 and murine CD14, it potently activated human THP-1 macrophages compared with mouse BMDMs. FNC-RED-P01 induced TNF-␣ and MCP-1 mRNA expression but not IFN-␤ mRNA expression in THP-1 macrophages.
Figure 5. FNC-RED-induced TLR4/MD-2 activation does not require LBP and CD14.
A, indicated concentrations of rmLBP and rmCD14 were pre-incubated with lipid A or FNC-RED in the absence of FBS for 30 min. Ba/F3 cells expressing murine TLR4/MD-2 and murine CD14 were then treated with the recombinant protein/ligand mixtures in the absence of FBS for 18 h. The cells were harvested, and GFP expression was monitored by flow cytometry. Dashed lines depict those cultured with medium alone. Open histograms depict those stimulated with lipid A or FNC-RED. Filled histograms depict those stimulated with the recombinant protein/ligand mixtures. Black and gray values depict MFI of GFP expression in cultured cells stimulated with lipid A or FNC-RED and medium, lipid A, or FNC-RED with indicated recombinant proteins, respectively. B, Ba/F3 cells expressing murine TLR4/MD-2 and murine CD14 were treated with anti-mouse CD14 mAb (10 g/ml) or isotype control antibodies (Ct. IgG2b) (10 g/ml) for 30 min and subsequently stimulated with the indicated concentration of lipid A or FNC-RED in the presence of FBS (10% v/v) for 18 h. The cells were harvested, and GFP expression was monitored by flow cytometry. Dashed lines depict those cultured with medium alone. Open histograms depict those stimulated with lipid A or FNC-RED. Filled histograms depict those stimulated with lipid A or FNC-RED in the presence of anti-mouse CD14 mAb or Ct. IgG2b. Black and gray values depict MFI of GFP expression in cultured cells stimulated with lipid A or FNC-RED and lipid A or FNC-RED with indicated Abs, respectively. Data are representative of at least three independent experiments.
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Therefore, our study revealed a novel category of murine and human TLR4 agonists.
In this study, we utilized Ba/F3 transfectant cells to screen TLR4/MD-2 agonists. Through this cell-based assay, we can easily detect activation of the NF-B pathway by flow cytometry. Moreover, the screening time is significantly less compared with other assays, including ELISA, Western blotting, etc. This new approach allowed us to identify a rare class of bioactive compounds that activate murine and human TLR4/MD-2.
FNC was first identified as an antibiotic (24, 25) and effects on innate immunity were not suspected. We infer from this study that FNC-RED and its derivatives are novel agonists for TLR4/MD-2. FNC was not developed for clinical use as an antibiotic due to its mitochondrial toxicity by inhibiting cytochrome bc 1 complex (43) . We found that FNC-RED showed lower cytotoxicity compared with FNC in BMDMs (supplemental Fig. 6 ). In addition, cytotoxicity of FNC-RED-P01 was not detected at a concentration of 10 g/ml in THP-1 macrophages (data not shown). These facts suggest that reduction of or addition of a phosphate group to FNC can lower its cytotoxicity.
LBP and CD14 are key accessory molecules that make efficient transfer of LPS to TLR4/MD-2 and increase the sensitivity of LPS detection (44) . Recent studies have identified the LPSbinding sites of CD14 and the key charged residues in LBP and CD14 for LPS transfer (45) (46) (47) . In addition, CD14 mediates LPS-induced endocytosis of TLR4, which induces TRIF-dependent responses in endosomes (41) . We found that these molecules are not required for FNC-RED-induced murine TLR4/ MD-2 activation. This may also be the case with FNC-RED-P01, because it has no effect on type 1 IFN expression ( Fig. 7C) . Thus, it is likely that FNC-RED and FNC-RED-P01 bind to neither LBP nor CD14, whereas these molecules form a highaffinity complex with LPS (44) . Intriguingly, Neoseptin-3 also does not require CD14 for its stimulatory effect on TLR4 signaling (22) .
Intriguingly, FNC-RED stimulation does not activate MAPK signaling (Fig. 4, A and B) . A previous paper reported that sCD14 increased LPS-induced phosphorylation of MAPKs in endothelial cells (48) . Furthermore, LPS-induced phosphorylation of MAPKs but not NF-B in macrophages was dependent on CD14 (49) . Therefore, NF-B and MAPK signaling under TLR4/MD-2 can be dissociable by CD14. As CD14 is not involved in FNC-RED-mediated TLR4/MD-2 activation, this may explain why FNC-RED does not activate MAPKs.
Our data indicate that some factors in serum inhibit FNC-RED-induced murine TLR4/MD-2 activation. It has been reported that LPS binds to various serum proteins, including albumin and hemoglobin (50 -52) . We found that BSA inhibited FNC-RED-induced NF-B activation in the serum-free culture (supplemental Fig. 9 ), indicating that albumin binds to FNC-RED. Notably, the designing of FNC-RED-P01 resolved this problem (supplemental Fig. 11D ). This suggests that a hydroxy group in pyridine ring may allow FNC-RED to bind albumin.
There is much evidence for a critical role of TLR4 in the induction of non-infectious chronic inflammation by recognizing DAMPs (53) . In addition, it was reported that TLR4 signaling caused influenza infection to be lethal (54) , and a synthetic TLR4 antagonist protected this lethality (55) . Therefore, our structure-function and computational analyses may be useful for the synthesis of a new TLR4 antagonist that blocks TLR4associated inflammation. Furthermore, our screening system should be applicable to searches for new TLR4 antagonists.
In conclusion, we have identified novel TLR4/MD-2 agonists, and we dissected mechanisms through which FNC-RED and FNC-RED-P01 can activate the receptor.
Experimental procedures
Mice C57BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan) and were used at 8 -12 weeks of age. C57BL/6, 
Reagents
Tested compounds were obtained from ICCB Known Bioactives Library (Funakoshi, Tokyo, Japan) and kindly provided from pharmaceutical companies. Lipid A from Escherichia coli F583 (Rd mutant), taxol from Taxus brevifolia, and BSA were purchased from Sigma. MPL from Salmonella minnesota R595, Pam 2 CSK 4 , polymyxin B, and BAY11-7082 were purchased from InvivoGen (San Diego, CA). PD98059 was purchased from Merck Millipore (Darmstadt, Germany). FBS was purchased from GE Healthcare. Recombinant mouse LBP and recom- Figure 6 . FNC-RED stimulation is impaired in CD14-dependent TLR4/MD-2 activation. A, Ba/F3 cells expressing murine TLR4-FLAG, murine TLR4-GFP, murine MD-2-FLAG, and murine CD14 were stimulated with medium alone, LPS (0.03 or 1 g/ml), or FNC-RED (50 g/ml) for 60 min. The cultured cells were then subjected to immunoprecipitation with anti-GFP and immunoblotting (IB) with anti-FLAG or anti-GFP as described under the "Experimental procedures." B, Ba/F3 cells expressing murine TLR4/MD-2 and murine CD14 were stimulated with medium (Med) alone or the indicated concentration of lipid A or FNC-RED in the presence of FBS (10% v/v) for 1 h. The cells were harvested and stained with control antibodies Ct. Ab or anti-mouse TLR4/MD-2 mAb (clone MTS510). Open and filled histograms depict those stained with Ct. Ab and MTS510, respectively. Percentages of TLR4/MD-2-positive cells are depicted in each histogram. C, BM-cDCs from WT mice were stimulated with medium alone or the indicated concentration of lipid A or FNC-RED in the presence of FBS (10% v/v) for 1 or 18 h. The cells were harvested and stained with Ct. Ab or MTS510. Open and filled histograms depict those stained with Ct. Ab and MTS510, respectively. Percentages of TLR4/MD-2-positive cells were depicted in each histogram. D, BM-cDCs from WT and Cd14 Ϫ/Ϫ mice were stimulated with medium alone or indicated concentration of lipid A or FNC-RED in the absence of FBS for 1 or 18 h. The cells were harvested and stained with Ct. Ab or MTS510. Open and filled histograms depict those stained with Ct. Ab and MTS510, respectively. Percentages of TLR4/MD-2-positive cells were depicted in each histogram. All data are representative of at least three independent experiments.
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binant mouse CD14 were purchased from R&D Systems (Minneapolis, MN). TIK-139 was provided from Teika Pharmaceutical Co., Ltd. (Toyama, Japan). To obtain TIK-139, an extract from P. funiculosum was catalytically reduced in the presence of a palladium-carbon catalyst. Funiculosin was provided from Novartis (Basel, Switzerland) to synthesize FNC-RED.
Cell culture
Ba/F3 cells, an IL-3-dependent murine pro-B cell line, were cultured in RPMI 1640 medium containing 100 mM 2-mercaptoethanol and 1 ng/ml recombinant mouse IL-3 (R&D Systems). Ba/F3 cells expressing murine or human TLR4, MD-2, A, chemical structures of FNC-RED-P01 and FNC-P01. B, Ba/F3 cells expressing murine TLR4/MD-2 and murine CD14 (mTLR4/mMD-2/mCD14) or human TLR4/MD-2 and human CD14 (hTLR4/hMD-2/hCD14) were stimulated with the indicated concentration of FNC-RED-P01 or FNC-P01 for 18 h. The cells were harvested, and GFP expression was monitored by flow cytometry. Open and filled histograms depict those cultured with medium alone and FNC-RED-P01 or FNC-P01, respectively. Black and gray values depict MFI of GFP expression in cultured cells stimulated with medium alone and FNC-RED-P01 or FNC-P01, respectively. C, THP-1 cells were cultured as described under "Experimental procedures." Total RNA was extracted, and expression levels of TNF-␣, MCP-1, and IFN-␤ were measured by qRT-PCR. Data are shown as means Ϯ S.D. N.S., not significant. §, p Ͻ 0.001 versus medium (Med.). Similar results were obtained in three independent experiments.
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CD14, and NF-B-GFP were established by electroporation, as described previously (23) . BaF/3 cells expressing TLR4F (the C terminus of TLR4 was tagged with the FLAG epitope), TLR4G (the C terminus of TLR4 was tagged with the GFP epitope), MD-2, and CD14 were described previously (42) .
Bone marrow cells were plated at 1 ϫ 10 6 cells/ml in 24-well plates with FBS (10% v/v) in RPMI 1640 medium supplemented with 10 ng/ml recombinant murine GM-CSF (R&D Systems) as described (57) . At day 6, loosely adherent cells were collected by gentle pipetting and used as BM-cDCs. For macrophages, bone marrow cells from C57BL/6 mice were plated in 10-cm bacteriological plastic plates with FBS (10% v/v) in RPMI 1640 medium supplemented with 100 ng/ml recombinant murine macrophage colony-stimulating factor (M-CSF) (R & D Systems). At
Figure 8. Schematic models of lipid A-or FNC-RED-stimulated TLR4/MD-2 activation.
A, lipid A first binds to LBP and is transferred to the TLR4/MD-2 complex via either CD14 (membranous or soluble CD14)-dependent or CD14-independent manner. In CD14-dependent manner, lipid A induces tight dimerization of TLR4/MD-2 at the plasma membrane leading to TNF-␣ production via MyD88-dependent pathway. Furthermore, membranous CD14 (mCD14) is required for the internalization of TLR4/MD-2 to endosomes, where TRIF induces IFN-␤ production. In CD14-independent manner, TLR4/MD-2 is weakly dimerized by lipid A stimulation but can initiate MyD88-and TRIF-dependent pathways, leading to TNF-␣ production and CD86 up-regulation, respectively. B, FNC-RED stimulation induces CD14-independent but not CD14-dependent TLR4/MD-2 activation. Because CD14 or LBP is not involved in FNC-RED-stimulated activation, FNC-RED does not induce tight dimerization and internalization of TLR4/MD-2. Although the dimerization of TLR4/MD-2 is not detected in FNC-RED-stimulated Ba/F3 transfectant cells by immunoprecipitation assay, it may induce weak dimerization of TLR4/MD-2 at the plasma membrane to promote TNF-␣ production and CD86 up-regulation.
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day 7, adherent cells were harvested and used as BMDMs. All cells were incubated at 37°C in a humidified 5% CO 2 incubator.
THP-1 was purchased from DS Pharma Biomedical (Osaka, Japan). THP-1 cells were treated with phorbol myristate acetate (500 ng/ml) for 48 h and then washed with PBS twice. The cells were further cultured for 12 h and then stimulated with the indicated concentrations of lipid A, FNC-RED, or FNC-RED-P01 for 4 h.
Antibodies and flow cytometry
Purified anti-mouse CD14 (clone 4C1), purified rat IgG2b, and rat IgG1 were purchased from BD Biosciences. Purified anti-mouse LBP (clone 749405) was purchased from R&D Systems. Purified anti-mouse TLR4/MD-2 (clone MTS510) was purchased from BioLegend (San Diego, CA).
PE-conjugated anti-mouse TLR4/MD-2 (clone MTS510) was purchased from eBioscience (San Diego, CA). The following antibodies were purchased from BioLegend: PE-conjugated anti-mouse CD86 (clone GL-1) and FITC-conjugated antimouse HMC class II (clone M5/114.15.2).
The cells (1 ϫ 10 5 ) were incubated with purified anti-mouse Fc␥R (clone 2.4G2) to block binding of the labeled Abs to Fc␥R. After 15 min, the cells were stained with predetermined optimal concentrations of the respective Abs. 7-Amino-actinomycin D (BD Biosciences) was used to exclude dead cells. Flow cytometry analyses were conducted on a FACSCanto (BD Biosciences), and the data were analyzed with Flowjo software (Treestar, San Carlos, CA).
Preparation of FNC-RED
To a stirred solution of funiculosin (25.0 mg, 50.9 mol) in THF (400 l), water (40 l), and acetic acid (20 l) was added palladium(OH) 2 /carbon (15.0 mg, palladium 20%, wetted with ϳ50% water), and the mixture was stirred under H 2 (3 MPa) for 6 days at room temperature. After the reaction, palladium catalyst was removed by membrane filtration. The filtrate, after addition of toluene, was concentrated in vacuo. The residue was purified by HPLC to give FNC-RED (12.0 mg, 24.9 mol). Column was Cosmosil 5C18-AR-300, 10 ϫ 250 mm (Nacalai Tesque, Kyoto, Japan); mobile phase was as follows: A ϭ H 2 O and B ϭ CH 3 CN (B concentration, 0 -30 min at 70 -100%, 30 -55 min at 100%); flow rate was as follows: 3.5 ml/min; detection 220 nm; retention time (FNC-RED) was 27.3 min. A full description of the syntheses of FNC-RED-P01 and FNC-P01 will be published elsewhere.
SPR
Biacore T200, research-grade carboxymethyl dextran chip (CM5), N-hydroxysuccinimide (NHS), N-ethyl-NЈ-(3-diethylaminopropyl)carbodiimide (EDC), ethanolamine-HCl, HBS-EP buffer, and BiaEvaluation software were obtained from GE Healthcare. Recombinant murine TLR4/MD-2 and murine RP105/MD-1 were purified as described previously (28, 58) . To prepare the SPR assay, the purified proteins were immobilized onto the CM5 sensor chip by amine coupling. The surface was activated with NHS and EDC, and the purified proteins were injected at a concentration of 50 g/ml in 10 mM sodium acetate buffer (pH 5.0). The values of murine TLR4/MD-2 and murine RP105/MD-1 immobilized onto the sensor chip were 13,251.4 and 13,932.4 RU, respectively, and these values were stable during the experiments. Remaining activated groups were then blocked with 1 M ethanolamine-HCl (pH 8.5). For kinetics experiments, the various concentrations of FNC-RED or FNC were injected. After 120 s, the dissociation phase was monitored for 180 s. Regeneration step was not conducted because the bindings were completely abolished during the dissociation phase. All kinetics experiments were performed at 25°C in HBS-EP containing 5% (v/v) DMSO at a flow rate of 20 l/min. Binding and dissociation kinetics were evaluated with BiaEvaluation software. Dissociation data were fitted to a 1:1 binding model using non-linear least squares regression.
Preparation of RNA and cDNA
Total RNA was isolated with RNeasy mini kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. RNA was reverse-transcribed with a TaqMan reverse transcription reagents (Applied Biosystems, Carlsbad, CA) following the manufacturer's instructions.
RT-PCR
Quantitative RT-PCR (qRT-PCR) was performed with a TaqMan Gene Expression Master Mix (Applied Biosystems) and analyzed with a CFX96 Touch TM RT-PCR detection system (Bio-Rad) following the manufacturer's instructions. Relative transcript abundance was normalized for that of hypoxanthine-guanine phosphoribosyltransferase mRNA. The information for primers used for RT-PCR is listed in supplemental Table 1 .
Western blotting
Cells were washed and lysed for 60 min in iced lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, protease inhibitor mixture (Nacalai Tesque), and phosphatase inhibitor mixture (Nacalai Tesque). Lysates were subjected to SDS-PAGE and Western blotting analysis. The following antibodies for immunoblotting were purchased from Cell Signaling (Beverly, MA): anti-IB␣, anti-ERK1/2, anti-p-ERK1/2, and goat anti-rabbit IgG horseradish peroxidase. Antiactin antibody was purchased from Sigma. Donkey anti-mouse IgG horseradish peroxidase was purchased from Chemicon International Inc. (Temecula, CA). The reactive bands were visualized by ECL Prime or ECL Select (GE Healthcare).
Immunoprecipitation and immunoprobing
To examine homodimerization of TLR4, Ba/F3 cells expressing murine TLR4-FLAG, murine TLR4-GFP, murine MD-2-FLAG, and murine CD14 were incubated with lipid A or FNC-RED. After 60 min, the cells were washed and lysed with lysis buffer consisting of 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, and protease inhibitor mixture (Nacalai Tesque). After 30 min of incubation on ice, nuclei were removed by centrifugation. Beads coupled with a rabbit anti-GFP (Invitrogen) were added to cell lysates and rotated for 2 h at 4°C. Beads were washed with lysis buffer, and bound proteins were subjected to SDS-PAGE and Western blotting with mouse anti-FLAG (Sigma) or rabbit anti-GFP (MBL, Nagoya, Japan), followed by horseradish peroxidase-conjugated anti-mouse or anti-rabbit Funiculosin variants activate the TLR4/MD-2 complex antibody (Cell Signaling). The reactive bands were visualized by ECL Prime (GE Healthcare).
Cell viability assay
Cell viability assay was conducted by using a Cell Titer 96 Aqueous One Solution cell proliferation assay (Promega, Madison, WI).
Conformational analysis of ligand flexibility
Conformational samplings of FNC and FNC-RED were performed using 100-ns molecular dynamics simulations using program Desmond version 4.7 (59) . The OPLS3 force field was used for the simulations. Initial model structures were placed into a TIP3P water molecule solvated with 0.15 M NaCl occupying up to 50 Å from ligand molecules. After minimization and relaxation of model, the production of molecular dynamics phase was performed for 100 ns in the isothermal-isobaric (NPT) ensemble at 300 K and 1 bar using the Langevin dynamics. Long-range electrostatic interactions were computed. After simulation, 1,000 conformations were extracted from trajectory with 0.1-ns interval. Conformational flexibility of ligands was analyzed with the R g for all conformations calculated by MOE (Chemical Computing Group, Inc., Montreal, Canada).
Computational modeling of ligand-bound model of human and murine TLR4/MD-2
Our approach for docking of FNC-RED and FNC-RED-P01 to the lipid A-binding sites of human and murine TLR4/MD-2 utilized four main steps as follows: (i) molecular modeling of FNC-RED-P01 bound to human TLR4/MD-2 model by docking with the positional and hydrogen-bonding constraints; (ii) molecular modeling of FNC-RED-human TLR4/MD-2, FNC-RED-P01-murine TLR4/MD-2, and FNC-RED-murine TLR4/ MD-2 complexes based on the FNC-RED-P01-human TLR4/ MD-2 model; (iii) minimization of all models by molecular dynamics simulations; and (iv) estimation of ligand-binding free energy. For a small molecule, ionization and energy minimization were performed by the OPLS3 force field in the Lig-Prep Script in the Maestro (Schrödinger LLC, New York). These minimized structures were employed as input structures for docking simulations. Initial atomic coordinates of human and murine TLR4/MD-2 were derived from the crystal structures of lipid A-human TLR4/MD-2 complex (PDB code 3fxi) (6) and lipid IVa-murine TLR4/MD-2 complex (PDB code 3vq1) (28), respectively. First, we utilized the computational model of lipid IVa-human TLR4/MD-2 complex for docking of FNC-RED-P01 because the lipid IVa scaffold is more suitable for reference position of the docking of FNC-RED-P01 than lipid A. To incorporate the lipid IVa onto human TLR4/MD-2, the lipid IVa-murine MD-2 complex was superposed to human MD-2. The human TLR4/MD-2 structure with lipid IVa was refined for docking simulations using the Protein Preparation (60) Wizard Script within Maestro. Docking simulations were performed using the Glide (61, 62) SP docking program (Schrödinger LLC) with hydrogen bonding constraints and positional restraint to acyl chains of lipid IVa. Hydrogen bonding constraints among the side chain charged groups of Lys-341, Lys-362 of human TLR4, Lys-388 of human TLR4*, and Lys-122 of human MD-2 were introduced because these charged residues are not conserved in the murine TLR4/MD-2 sequences. Up to 100 docking poses of FNC-RED-P01 were generated in a grid box defined by each acyl chain position (R2, R3, R2Ј, and R3Ј) of lipid IVa. In this work, docking of FNC-RED-P01 based on R2Ј acyl chain position of lipid IVa was omitted from candidates due to the lack of probable poses. After the docking simulations were completed, three representative poses of FNC-RED-P01 from R2, R3, and R3Ј position on the lipid A-binding site were selected by docking score and manual inspection using Maestro. Molecular modeling of FNC-RED-P01 murine TLR4/MD-2 was modeled from FNC-RED-P01 human TLR4/MD-2 model by superposition of the murine TLR4/MD-2 structure. FNC-RED-bound models for human and murine TLR4/MD-2 were generated from each FNC-RED-P01-bound model by the deletion of the phosphate group of FNC-RED-P01. All initial complex models were subjected to 1-ns molecular dynamics-based energy minimization using program Desmond version 4.7 (59) , giving rise to the final three-dimensional model. The OPLS3 force field was used for the simulations. Initial model structures were placed into a TIP3P water molecules solvated with 0.15 M NaCl occupying up to 10 Å from protein molecules. After minimization and relaxation of model, the production of molecular dynamics phase was performed for 1 ns in the isothermal-isobaric (NPT) ensemble at 300 K and 1 bar using the Langevin dynamics. Long-range electrostatic interactions were computed. Finally, ligand-binding free energy of the minimized models was calculated using the MM-GBSA (Schrödinger LLC).
Statistical analysis
Statistical significance was evaluated by one-way analysis of variance followed by post-hoc Tukey test. p Ͻ 0.05 was considered statistically significance. 
